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NG $UA%ITIES /931 

He F2ohllchr W e  

K, Stopf hehen 

!Ph@ design of' the controls of a manned aircraft 
velopmerrt stage requires howle 
i o  b h v i o r  of the pilot-aircra 
utmost accmaey porssllble. Whil 

prehcently a ilable means i% 3.8 i n  gene 
t o  simulate e behavior of an aircraft 
moctel, the r e p r e ~ e n ~ a t ~ Q n  by models of the 
dynamio behavior of n is fraught w i t h  con- 
siderable ~ i f f l l c r ~ t  

The model of a p i lo t  generally used her&mfor% 
doe8 not always lead to  ~ a t i s ~ a o t o ~  resul ts .  
new model is thus proposed f o r  disoussion; it 

A 

from the eonventiornal ooncept by the fact 
s parameters are not assumed t o  be conar%ant, 
t they are sto sticrally variable. f t  is 
that t h e  s toc  t i c  variations aP the 

p ~ r ~ ~ t e r s  are s t a t i o  e The model ~ r o p o s e ~  ean 
t h  in raimulation and i n  free f l i g h t  f o r  
t purposes. ContrcBl experiaaents were 

i C h  the aid of the piloai model botth 
on a VTOL @ransrport and varllaus helicopters, 
Results 8x.e presented f o r  ~ ~ ~ t e d  and f o r  free 
flights. The m e a g ~ e ~ ~ ~ t ~  lndisate both %he 
state of proficrleneg and the t e m p ~ ~ e n t  
different  p i lo t s  and the degree of t 

i n  control mea 

zed i n  the  

1 .. I ~ t r o d u ~ t  ion 

long perio, 
en made for a t  learst Went 
v ior  of man i n  order 
n which ther 
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dels d e s c r i b i ~  the  4.y barbvisr o 
ny ere presented i n  1944 s t i n  / 2 /e  

which describe trarmfer e ract;erisitcss from scrrmatio 
mecthanisal @amposed i n  esmmee sf a 1 
pa* and a i t i v e  Esowoe @f noise. Be mitw si@ 
broad-hnd. characterlatics and is taken as not oorrelatud with 
sensory infomasbi&ion. 

A d i  of suoh a modal fs presented in Fig, 1, 

Although a large nuniber of i ~ ~ ~ t i ~ t i o n ~  hav 
psrforansd i n  the meantime with %he purpose of improd 
adding to  the del, the latter has changed very l i t t l e .  This 
and the fast t analy%ical models of man in the f0m i l lus-  
trated in Fig as con&retller are not usually applied t o  the 
design of ~ y ~ ~ ~ s  indi t e  that n m  us problems rcma3.n un- 
solved and that furthe atudies are 

Since t o  date analytical  methods have not bs 
uccessful i n  Che characterization of m a n - ~ @ ~ n e  s y  
ubjeotive descript;lve methods are frequently used, 

other@, ~ ~ e ~ o u s  experimen@s involving &ifrerent ~ x p e r i m e n ~ l  
perso ve shown that second-order systems can be conl;rolled 
BY a M controller i n  a satisfactory manner if the  h p i n g  
oapaoity and the rmtural resonance frequency of the sy6ttm 
are  i n  a definite relat ionship t o  each other, The experiment8 
were oondueted p r i  r i l y  wi th  respect t o  the ~ o ~ i t u d ~ ~ l  
motion of an aircraft (Fig. 2), 

Due to  the quali tative nature of pilot, ~ ~ a C e m e n t a ~  the 

- 2  - 



The transfer behavior sf man &@pen4 

adequate mo 
dynamio behavior of man having validity over a wide 
applicotfon. 

ferent effects. 
t it  is  nearly impossible t o  find 

At a first glance it w 

gained t o  date from rous ~ ~ e ~ ~ e n t ~  
hats the  structure of del describing the 

an while  eo 
ntally as t 
sical influenoes 

are changing. 

The invest% ion of the Eouse of Do 
c behavior of n whi le  ~ o n t r Q l l f n ~  stat 

ca represented a l inear  m o d e l  w i t h  stoc 
~ariable  c Q e ~ f i c ~ e n t ~ .  

Fig. 1 and 3 ~ ~ p r e s ~ n t  two different ?&a 
rarzterized by t w S  different models of the dy 

of aan. In  both 
ference signal w is always present; For the  purpose of 
measuring it mag be i n t  sduced a r t i f i ~ a l l y .  
i n  Fig. 1 is generally fou the l i t ~ ~ t ~ ~ .  It 

scribed i n  the i n t r ~ ~ u c ~  ode1 i s  mad, 
sis of measur 

~ e ~ s u r e d  when the control s i  @r the  known i 
fermce signal “r (t ) is mis . The ~ ~ 1 1 ~ ~ ~  deriva 
illustrates the ~ o ~ i t i o n .  

els 6 (-I?) represents an u n ~ o ~  inter-  

The modal ~ h o ~ n  

z (e) 

fng relation- 

~ u ~ ~ ~ o ~ t p u t  speet 
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If the interfe <(e) 5s 
) of the p i lo t ,  

onse sf the pilot .  
id 

~ ~ ~ ~ ~ m e n t  tha t  t h i s  is generally not 
tme. In most cases 
Then, i f  the  model instead of the  tmitm- 
fer function of man the negative Inverse Prequeney response, 
of the loop is obtained: 

i n  ~ ~ ~ ~ r i ~ ~ n  wi th  7 (t ) . 

The transfer function of m a  thus be obtalne 
a known additional interfersnoe B i g r z a l  ;C (t ) or  i n  
of sequential eontral wi th  the  ai& of the control si 
The following r e ~ ~ i o n ~ h i p  ean then be fomulatedt 

Division of the  o regults yields the de d t  
i c  behavior of mw,  functlon for the dy 

- 5 -  
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This make8 p i l o t  nofs 
In the case of a small 
possible to  m e a ~ ~ e  ac 
an& ( 5 ) *  I f t  on the 
large and care is t 
in the frequency ra 
f o r  some individual c8se8, %he s i ~ ~ ~ t ~ ~ n  of a strengly &is- 
twrbed f l igh t .  If e therefom I the m of Fig. 1 would be 
valid,  it would be ~ p ~ s s i b l e  t o  mea the frequency respo 
of the p i lo t  during a nearly undisturbed f l ight .  

The Bodel of the dynamic bebvior  of aan presented in 
Fig. 3 assumes stochastically variable coefficients. The 
ementfal  characterist ics,  as derived /3* 4/, of the model i r e  
the st;&tistic independence of the stosbst ic  d { e )  signdls 
w i t h  the initial signal4 ( & )  whieh represents the ~ e c h a ~ c a l  
activation of control devices. One thus obtains 

E{cc(t).x,(t+.c)) = 0 

Eja(t) . k(f  4- r))  = 0 

and therefore m 

9 @hat assuming that the 
of the eon- 

i s r  readily ne&s 

i n  problems of 
interest .  

t ion  (8) e r i v a t i ~ ~  of 
iss can . One obtal 

- 8 -  



Equation (4) t o  (6) i n  %he nmnner decribea above, i n  the case of 
a Bode1 with stochasticr coe 
men&s i n  which an interference sig 
introduced during the f l i g h t ,  was 
%hat Fig. 3 is comect,  mea 
t o  (6) a d  %he evalwfsion o 
l%quatlon (8) should yield i 
sented i n  Fig, 4. 
conforaas t o  Gkctual conditionE?. 

It i s  seen that the time-pariable model 

eriments w i t h  nearly gligible inimrfsr 
eld similar r e su l t s  shown in the  fol 

the mael of Fig. 1 is correot, n measuremnents 
p i l o t  noise i s  ditominsnir;, one should sbOaln the i 
frequency response of %he loop, as indfcatsd. by 
E ~ e r i ~ ~ ~ t s  perfomed with a hover oraf t  (Fig, 
t h i s  does not O C C U ~ .  

The frequency response of the angle posiGion-controlled 
hover craftz was measurcsd first with the aid of 
i n  which the craft we61 supported on a telelsrcopi 

Subsequently the frequency response wa 
during various free-flight experiments. 
aid of the cross performance specrtmm with the rnMe1. a% Fig. 1 
yields 

M ~ a s ~ m ~ n ~  w i t h  the 

According t o  Equatio 
loop is oblmined when 6 (T; 
normal conditions the trans 

er funct3lton of the 
f l ight8 under 

1 waIs obtained. i n  
oondition of s as shown i n  Fig, 

n of the loop 

Fig. 1. Therefore it m%sC 
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show to &ate that although the behavior 
man v 
831 experiment involving the e probleen. To prove th i s  
a s ~ ~ p t l o n ,  the Toll nt fB presented: if behaaor 
with stochastically varying stmplifiaation i s  Ifnear, the 
following expectation value e m  be fomulated. (F ig ,  8a) : 

I t  frequently appears t o  be linear < z p r r i  

. .  
1 63 
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e manner, the expectation value 

E{93( t ) .  KO. X,(t+T)}  = 3K0@+&) @++(O) 

c 

can also be o&lctalated, If &he degree of aaplifioation, as g j ~  
In Fig. 8b, changes e.g. with the $bird power an& s ~ ~ t a n e o ~  
paries stochastically,  the  following expeetation 

(3.3 1 E .  ( 9 3 ( t ) .  [KO. X,(l +z) +R,x: ( t+T)] j  

='3k'0@+,~(T).@++(3)+E. {43(t)-  k-,x:(t+T)} 

The inllivfdua ( t ) and ?La( 6 ) signals are norzmlly 
distributed. Assumi hat the degree of ap l i f ' i ca t ion  has a 
cubic component the p autocorrelation funetion and the 1942 
prudmt of' a factor of s i x  yields a m, as shown i n  Equation 
(13). ~ e a ~ ~ e m e ~ s  indicate tha.1; the additional expectation 
value added t o  the t r ip le  correlation fmot ion  (€Quation 13) 
is frequently small. The behador of man m u s t  thesefsre 
essentially be l inear,  I n  a manner sjlmilar t o  that &8Soribed 
aboves i n  addition t o  the c u b h  degree of anpl i f imtion,  other 
nonlinearities can a lso  be used. (imestigations comerning the 

n completed). F i  

with a Ho v- 

In  the course of the experimental development of a trans- 
port aircraft tirhtch sterts and lands vertically,  controllabil i ty 
experiments were conducted on the free-flying hover craft 
shown i n  Fig, 5. 
cond.uc tad 
Bmark, nd. and the US , are reported here. 

Sane of the results of these e ~ ~ ~ ~ ~ n t s  
differen% test  p i lo t s  from Ge the aid of 1 

L t  has been mrrentioned i n  S.ection 4 t 
he component of the transfer function of t 

erjcribe the dy 
t include the 
eters. For t h i s  the control- 

nts i n  the Xon er at  the eva 
enta the output f d e v i a % i o ~  

the a ~ s ~ ~ ~ a  fiiglzt; position to 
of aontrol deviees were m@asfxTe 
angle position charact; 
the a ~ ~ i ~ t i ~ n  of oont;rsl d 



FIGUBE 6 ,  gnitude and Phase of the Controllead 
Selgoent F, ( j  LO 

Keys: 1. 
2, 

 as^^ thr a column experiment, 
Measured dwrimg free f l ights  by two test 

pilot 8 

pllot .  
ponent8 of *he tralllsf 2 functions pp( jw>  a 

In  addition Lo the output speotm, the omstant cm- 

e m e a s ~ e d ~  
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It has been a s s ~ e d  i n  %he derivation /3/ that the a t  

d e ~ e ~ i n e d  i n  the e 
s w i t h  the a3,d of P 

Fi r s t ,  the influence of the training and consti tution of 
p i lo t s  w i l l  be dmonstmmdi. br the e-ple of a f 
For th i s  purpose, the behavior of different p i lo t s  dusing the 
same P l i g h t  problem was examined. Hover f l ights were performed 
wi th  the experimenta3. control stand w i t h  slow displacement over 
the grouml. The hover craft had no art if icial  s tabi l izat ion 
during these experiments . 

Fig, 10a and 10b shows four different  spectra of r o l l  
angles and s t ick operation /note/. Speetra a were meklsured wi th  
the ohief test p i lo t  of Bornier C o a s p n y ,  the  b spectra w i t h  a 
test p i lo t  of the Nawker-Slidtieley Work& Both p i lo t s  had 
extensive f l i g h t  experience i n  VTOL craf t .  The o speotra 
were meassured w i t h  a test p i l o t  who flew f o r  the first t i m e  
a f t e r  an i n t e m p t i o n  of s i x  months following an aooident. 
d spectra originated w i t h  a flight test  engineer without any 
VTOZ experience (measured during a column experiment) . 

It is seen i n  Fig. 10b t h a t  a l l  spectra oonoerning the 
operat9on of the s t ick exhibit (L characteristic ~ e s o ~ o e  peak, 
located a t  a frequeney of 0.4 Hz. 
peak is, however, very dAfferent. It is substantially higher 
with the less exgeriencled p i l o t s  (c and d) . 
figuration of the input spectra, Le .  the deviation of the  
posit ion angle from the cmrect angle dQes not show such 
resonance peaks, they must represent an  effeat of the stochastic 
v-iation of p ters ( p i l o t  noise). The Latter ase signi- 
Picantly highe 

The 

The amplitude of the 

Since the oon- 

the ease of inexperiemed p i lo t s  . 
Pig. 11 pZV3SeXltS Stick Sp8@tI% 
during similar hover f l igh ts  . 
by the  same p i  t. They were 

s i x  months frm her. Fig. 11 shows that the cronfi 
t i on  of the specf;ra is  nearly identical .  

To i n v e s ~ i ~ a t e  the  behavi of t he  p i lo t  l i g h t s  
i t h  very strong distwr rimmts were d. i n  

nces w e r e  imposed on the hover 
rtificial noise signals. T 
c ~ n s i d e ~ b l ~  more d i ~ f i ~ u l  

- 14 - 



FI 7.  o P i l o t  Frequency Responses 
and Two Inverse Sections 

Keys : tnde, 2.  Flight A, F l i  
of the tramfer  tion on of 

free flight, 4. 
t of the p i l o t  t 



t lcal ly  varled, Fig, 13 presents some of the 
~ ~ e t e r i s t i ~  remilts 

An exeess of a value found t o  be sat isfastory lead according t o  
the unamninous Judgement of differen% p i lo t s  t o  a tnuch redwe& 
controllabil i ty.  Fig. 13 pepresents $he spectra of dsvlratlons 
from the angle posit ion ami stick operation fo r  one of these 
experiments , I n  the experiment , art2ficial maenturn disttzs- 
bncss were superimposed, as described above. It is seen i n  
Fig. 13 t ha t  the pilot noise has increased substantially,  T h i s  
displaced. the resonarme frequeney of the stick speetrm i n  %he 
direction of higher frequencies, 

k spectra vary strongly w i t h  the  problem. 
shows some spectra f o r  the r o l l  eontrol of the expesintsntal 
control r i g  with various control devices, Spectmm a w a s  
determined during an exper3iment with angle posit ion control, 
speotra b and c durbg f l i g h t s  w i t h  angle velorsiby control or  
-ping aontrol and s p e c t m  d dur9np; a, flight w i t h  manual 
control without artificial s tabi l izat lon,  Spectw a t o  c have 
substantially narrower bands as compared w i t  because due 
t o  the ease of the  problems p i l o t  noise i s  s f icant ly  less. 

I n  addition t o  the perfonname spectra and pilot; noise, 
the csonstant components of the tpamzsfer function of man were 
a l so  measured. Fig, lj shows some of the results.  The 
frequeney responses of the p i lo t  exhibited the obvious prope 
t h r a t  the act ion tine and degree of ~ p l i f i c a b l o n  inorease w i  
the degree of d i f f i c u l t y  f e l t  by the3 p i lo t .  

ws t h O  result of a noma1 f l ight  without artiflcial 
tlon, the configuration of b the resu l t  of a f l i g h t  

w i t h  manual control and strong ~ o ~ e n t ~  interf'erencss; the 
c Q ~ i g ~ t ~ ~ n  of c presents the  frequency response of the 
~ ~ 1 1 ~  controlled f l i g h t  wieh s t r o  a i s t ~ ~ c e s  and. un- 
favorable seick se r s i t i v l ty ,  

S ized as f o l l  

Pig. 14 

The oovlfiguiletation 

The me3as~ped resu l t s  descri d i n  Section 4 b 

no6 and. the 
method dsscr 

same p i lo t  are rem 



~ f f e r e ~  degrees of experience I n  the case of in@ 
t ion  by the  p i1  
ignal prodwed 

f f ioa l ty  0 

and p i lo t ,  l i ng  @f operating 
&re observable i n  *he performame spestra. 

* and decline t h  the sane a 

I n  the course of a research contraat invol~ ing  the  con- 
t r o l l a b i l i t y  of helicop&ers, simulation experiments were per- 
formed In the House, of Doraler. 
'trg a model of a systea w i t h  s i x  degrees of freedcrm, 
of freedom of shock motion wag taken ineo oonsideration i n  the 
determination of the flight-mechanical data. f t  is assumed 
that the  number of revolutions of the ro to r  is kept oowtant 
by a regulator. 
f l igh ts  were t o  be! considered, it w a s  poss5,ble t o  l inear ize  
the  equations of motion. 

The helicopter was represented 
The degree 

Since only hover f l i gh t s  and slow forward. 

The simulation of flight-meohanleal characterist ios is 
r e a d i l y  ~ocomplished w i t h  the available hybri& ~ ~ ~ p ~ ~ e r .  The 
same is true f o r  the correspondllng calculations of the cockpit 
and the operating con4mols, Diff icul t  probleni are caused, 
however, by t h e  sfarrulation of infomation f o r  sensory persep- 
tion, e.g, of vlsual and acceleration info 
s i m u ~ t i o n  of acceleration informatio a e r  simulator 
was purposedu neglected. V i s u a l  inf 
with the ala of the model shown i n  F i  
i ~ o ~ ~ i o n  is  represented i n  pers 

os i t lon  of the sireraft, l? 
zed by the divergent lines. 

Some of the  resu l  of the simulation e x p e r i ~ ~ n t s  
described i n  the followi .. Fig. 111 shows e.g. the spect 
f o r  the operation of the tick tarid t he  pedals 
f l i gh t  with a Siko 3-58 h e l i c o ~ t e r  w i t h  a 
cant external. d is t  nces 

It is seen i n  Fig. 17 that the spectra f o r  the opsmtion 
of the r o l l  and pitoh contro2s 
resoname peaks. Cantrollabitli 
t o  the f a v ~ r a b l e  con2;rol chamc 
low, This lead t o  lowafr~que 

s and are ~ i t ~ o ~ t  

ed moment i n t ~ ~ e ~ ~ ~ c ~ ~  

- 17 .. 



indivl&mal axes. 
oontrol is pres 
visual in fomat  
convergence of the l i nes  converging toward. the horizon moves 
during yaw motions. 
rapldly while the p i l o t  is trying t o  pmvent t h i s  from happenJ;ng, 
he feels that the task is nore d i f f i c u l t  than it i s  i n  r e a l i t y .  
During free f l i g h t s  the p i lo t  does not have the feeling that 
the point of alignment might disappear dufing twrl?is. 

experiments of a Jet helicopter of the Do 32 series, The $ e t  
helicopters of the Do 32 f a m i l y ,  aesigned ankt par t ia l ly  bui l t  
by Dornier, a re  characterized by very good control properties 
During undisfmrbed hover flights only small, low-frequency 
mvements are required t o  control the craft, principally bee 
the noise signals ln6ro&uced, by the p i lo t  himself are practi@ally 
equal t o  zero. Sime i n  the case of these jet helieopters the  
yaw motlon is largely iSQlated, its control is f e l t  t o  be easy. 
This resu l t s  i n  a vary narrow-band spectmrm. I n  disturbed 
f l i g h t @  w i t h  la momentum in te r f  erenoea rolp and. p i  
motions %he s of the spectra aoes noti greatly. As 

The resonanca peak of the spectra f o r  the yaw 
l y  caused by the  nature of the simulated 

It is  seen i n  Fig. 16 that the point of 

Since Chis point oan leave the inage rather 

Fig, 18 presents the corresponding speotra of two simulated 

e r e su l t  of the  interferences t o  be eont &i., hobBeVeP, t 
nd becomes 

To compare the control ~ ~ e r i m e ~ t s  of' the get h ~ l i c o p t ~ r  
w i t h  the r e su l t s  of s i ~ ~ ~ t i o n  experiments performed w i t h  a 
mechanical helicopter of the same olass. Suoh data is pre- 
sented i n  the following. Fig. 19  presents some r e s u l t s  of 

disturbed hover f l i gh t s  . Eere ~ o m ~ n t ~  iBte 
lated both i n  r o l l  and pitch motion. It i 

t the p i lo t  noise does i n c ~ e ~ s e .  The 
p i lo t  is thus exposed ery d i s ~ ~ r e e a b l e  control characte 
t i aa ,  ~ n t e ~ e r e n c ~  si s introduced by the pilo% himself 
lead t o  very wide spe n the control process around. a l l  
of the axes. 
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GURlE 16, Sight Simulation of the Do 
Simulator 

6.  c o n ~ ~ u ~ i o n s  

need theories of control teohnolagy and the d.ata- 
ioh become a v a i ~ ~ ~ e  recently, t ~ ~ ~ t h ~ ~  
ake it  possible to  perfom obaectlve with digital  compu 

~ ~ l y t l c a l  inv+esCi 
The condlti 
t i 0  
S ~ ~ l ~ ~ i  ed. 

btained. with the ala of modem 

the wntrol of a 
The purpose of 8 

teria to a p ~ i ~ ~  simplicitg.. 
to attempt ts 
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Keys: I.. No interference, 2. StrQng ~ ~ e n t ~  inter- 
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/3/ Schweizer, G, : V i l o t  Behavior i n  VTOL Airctaft", A 

/4/ Schweizer, G., U e i l ,  W. : flMan as Controller% Its be 
published i (Control Technology) , 
Domler Rep 

DISCUSSION 

Henry R. Sex (5ystas Teehnology, Inc. 13766 Sout 
&ulevard, Hawthorne, California): / in English/ 
presents excellent in-fl ight research which has been sadly 
 lac^^ up t o  now. Extensive laboratory describing functions 
measurements a* STI /see n&e/ show simllar control spectra, 
and, qualitatively a t  least, support these results. It would. 
be interesting to  know f f  the present resu l t s ,  when plotted 
as to t a l  open-loop desczribing functions on a Bode plot,  (log 
I YI against logm) confim %he in-flLght val idi ty  of the 
"Ctrossover" model, or its extended fom, of the reference, e,  

Sf the data do fit this model, then the large peak seen i n  the 
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without any c cir- 
owmstanees 

7y auld the au 

G. Schweizer / in  &nnan/: The author of 
has doubts whether w i t h  the method. used i 
f e r  function of the pa r t  with &-omstant p 
pp of the ~ 2 1 0 %  is  i n  faoC ob$ained, 
this connection that thZs r e s u l t  w i l l  be ob&ained i f  the 
varlation i n  the pa eters of the p i l o t  m o d e l  i s  mainly 
multiplicative i n  nature. I n  our measurements -- both i n  free 
f l i g h t  and at  the simulator -- this was true, 
highly interesting, however, to  have the experiments outlined 
i n  the repor&, which provide infomation concerning the  nature 
of p i lo t  noise, repeated independently at another loeation i n  
order t o  obtain s t i l l  more infomation. 

It should be n o t a  i n  

It would be 

The author a l so  suggests t o  verify whether the msalts 
obtained i n  h i s  referenae can be rseonciled w i t h  the resu l t s  
of the experimentra of the preceding report. Sueh experiments 
are now i n  progress, Results are reported subsequently, Our 
experience indioates thai; resomnce peaks are observed i n  the 
perfornranee peak8 a t  high frequencies with man-machine system8 
i n  cases when the p i lo t  is barely able t o  perf's= h i s  function. 
Presumably, one can then speak of a stabil i ty l i m i t .  Frcm OUT 
viewpoint there are  no eontradlotlons between the work on whloh 
the  foregoing digcussion note is based and. our o m  results.  
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